New Brillouin scattering measurements of velocity and attenuation of sound in the hypersonic regime are presented. The data are analyzed together with the literature results at sonic and ultrasonic frequencies. As usual, thermally activated relaxation of structural entities describes the attenuation at sonic and ultrasonic frequencies. As already shown in vitreous silica, we conclude that the damping by network viscosity, resulting from relaxation of thermal phonons, must be taken into account to describe the attenuation at hypersonic frequencies. In addition, the bare velocity obtained by subtracting to the experimental data the effect of the two above mechanisms is constant for temperatures below 250 K, but increases almost linearly above, up to the glass transition temperature. This might indicate the presence of a progressive local polyamorphic transition, as already suggested for vitreous silica.
I. INTRODUCTION
In insulating solids, high frequency atomic vibrations are responsible for heat transport and thus determine the thermal properties. While the mechanisms leading to phonon damping in crystals are rather well understood, those responsible for sound attenuation in non-crystalline solids are still a matter of large interest. The main problem is that, due to the lack of periodicity, the exact nature of local and of collective vibrations is unknown.
At very low temperatures, it has been demonstrated that the dominant damping mechanism is a coupling of acoustic vibrations with tunneling units 1, 2 . While the microscopic nature of those systems is not known, the phenomenological model involving resonance and relaxation of two-level tunneling systems (TLS) explains the temperature (T ) and frequency
(Ω) dependence of sound velocity v and attenuation α 3, 4 . In a large T domain above 10 K the sound attenuation is dominated by a large broad peak which shifts to high T with increasing frequency. This peak has been assigned to the coupling of acoustic vibrations with structural entities described as defects moving in asymmetric double-well potentials by thermally activated relaxation (TAR) [5] [6] [7] . This explains the T -dependence of α observed in most sonic and ultrasonic experiments. However, the T -dependence of the sound velocity in glasses such as As 2 S 3 and As 2 Se 3 8 cannot be explained by this model: the behavior observed there is very similar to the decrease of sound velocity in crystals, where it is assigned to relaxation of thermal phonons by anharmonic interactions 9, 10 . This suggests that, even if the nature of thermal modes in glasses is unknown, and certainly different from propagating plane-wave phonons, a similar anharmonic mechanism can be present 11, 12 . In fact, we have observed that Brillouin scattering measurements of α in vitreous silica at frequencies in the hypersonic range cannot be described satisfactorily by the TAR mechanism alone 13 . The excess to the TAR contribution was assigned to anharmonicity. The measurements were extended to frequencies up to 400 GHz 14 . The results are well described by the sum of the contributions of the three above mechanisms, TLS, TAR and anharmonicity. Due to the different T and Ω dependence of those mechanisms, anharmonicity tends to dominate above 100 GHz. In vitreous silica, v-SiO 2 , we have performed a simultaneous fit of measurements of α and v at low T in a large frequency domain, which allowed to extract the parameters of the models. Calculating the velocity dispersion up to high T and subtracting the contributions given by TAR and anharmonicity from the experimental results, one expects to get a constant bare velocity. In fact, we observed that the bare velocity shows an almost linear increase above 100 K. This was explained by a temperature dependent microscopic structural change leading to T -hardening [15] [16] [17] .
A well-known characteristic of glasses is the plateau observed in the thermal conductivity in the 5-10 K range 18 . This plateau suggests that a strong damping mechanism limits the mean free path of the acoustic waves responsible for thermal transfer 19 . In this temperature range, the frequency of dominating thermal acoustic waves is around 1 THz 20 . A mechanism leading to this strong damping must be invoked in addition to those discussed above. Using Brillouin scattering of X-rays to investigate acoustic waves in the THz range, we have given evidence for an attenuation increasing as Ω 4 in two glasses leading to a IoffeRegel crossover 21 . Above the frequency of this crossover, plane acoustic waves can no longer
The association of the mechanisms discussed above gives a satisfactory description of most of the α and v measurements in vitreous silica. The purpose of the present paper is to extend this description to vitreous germanium oxide (v-GeO 2 ), another tetrahedrally coordinated glass.
II. MATERIAL AND METHODS
The samples used were kindly provided by Dr. J. C. Lasjaunias, from the Centre de The velocity and attenuation of acoustic waves in the hypersonic frequency range were measured by Brillouin scattering (BS). The spectrometer used for the experiments has been described elsewhere 22 . Its resolving power of about 2×10 7 is large enough to allow precise measurements of Brillouin frequency shifts and linewidths. The 514.5 nm line of a singlefrequency argon-ion laser was used. The measurements were performed in the backscattering geometry were only longitudinal modes are active in BS for isotropic media.
In order to reach the high resolving power needed with a sufficient luminosity, we use a 
III. RESULTS AND DATA ANALYSIS
The results for T from 5.5 K to 900 K are shown in Fig. 2 . From the lowest T , the frequency shift δΩ B /2π decreases strongly to a minimum around 300 K and increases above, up to the glass transition temperature T g ≃ 800 K. At the latter T , a cusp is observed, as usual in glasses. The fullwidth at half maximum of the Brillouin line, Γ/2π, which is very small at low T , increases rapidly with increasing T up to a maximum around 300 K, decreases above up to ≃ 700 K, and finally shows a plateau at large T , without noticeable change at T g .
From the values of δΩ B , the velocity v can be calculated using
where n is the refractive index, λ 0 the wavelength of the incident light in vacuum and θ the scattering angle. The values of n = 1.610 at 300 K and its T -dependence were taken from the literature 23 . The attenuation α is obtained from Γ measurements, α = Γ/v. For comparison of attenuation measurements in a large Ω domain it is more convenient to use the internal friction:
A previous Brillouin scattering measurement of v and Q −1 in v-GeO 2 was performed earlier by Hertling et al. 24 in the T -range from 50 K to 750 K. Our results which are much more accurate agree with these measurements.
IV. DISCUSSION
In order to elucidate the contribution of the different damping mechanisms in vitreous germania, it is necessary to analyze simultaneously data measured in large T and Ω domains. 6.3 kHz [22] 50 kHz [23] 7.8 MHz [24] 10 MHz [25] 12 MHz [26] 20 MHz [27] 21.2 MHz [24] 50 MHz [25] Temperature (K) Internal Friction 10 In comparison to the situation in vitreous silica, the data in v-GeO 2 are scarce. The results of sonic and ultrasonic measurements collected from the literature are shown in Fig. 3 . As in most other glasses, a strong broad peak is observed in the Q −1 measurements over the T , Ω domain shown. This indicates that the TAR mechanism is the main origin of the sound damping there. From our study of vitreous silica and also from preliminary calculations of the possible anharmonic damping in v-GeO 2 , we know that this contribution is negligible in this T , Ω domain. This is also the case for Q −1 from the lower T up to 50 K in Brillouin scattering experiments. The temperature shift of the maximum with increasing Ω observed in Fig. 3 allows to evaluate an average activation energy V 0 ≃ 2400 K, as already shown by
Hertling et al. 24 . It is more difficult to compare the amplitude of the curves, as measurements at almost the same Ω give appreciably different values. In particular, the measurements at 
where γ is a deformation potential, and ρ is the mass density. In this equation, τ is the relaxation time for hopping within the double well. It is given by
where τ 0 is the inverse of an attempt frequency 32 .
We have made a common fit of all Q −1 measurements shown in Fig. 3 , together with our Brillouin data at T below 50 K. As a consequence of the above discussion on the amplitudes, we have fixed a common amplitude coefficient for measurements at 10, 20, 50 MHz and 24 GHz. This coefficient was left free for measurements at the other frequencies. For the distribution P (∆, V ), our first trial was a gaussian distribution for both parameters as in Ref. 13 . The result of the fits disagrees with the experiments, giving a profile which is much broader than that observed. A better description was obtained by taking a sharper cut-off at V 0 , i.e. an analytic form proportional to exp(−(V 2 /2V 2 0 ) 2 ) for the distribution of barriers. Furthermore, the Q −1 calculation at the frequencies of the experiments shown in Fig. 3 is hardly sensitive to the cut-off ∆ 0 in the distribution of asymmetries as the corresponding relaxation times are too short to influence the acoustic damping. In contrast, the velocity change δv, given by
is sensitive to the integral over all defects having short relaxation times. ANH in glasses, we follow a procedure described and discussed in detail in Ref. 13 
ANH is given by:
Here, C v is the specific heat per unit volume and v D is the Debye velocity, whereas τ th and From the known parameters for TAR and anharmonicity, it is possible to calculate the velocity changes produced by these mechanisms, δv TAR and δv ANH , respectively (see Eq. (5) for TAR and Eq. (16) factor of ≃ 2 than at ultrasonic frequencies. This is well described by the calculation, which is in excellent agreement with the experiment from the lowest T to ≃ 300 K. From this observation, and from the above remarks on the velocity slope, we conclude that the density of relaxing defects used for the fit is satisfactory. Finally, subtracting δv TAR and δv ANH from the experimental values, the bare velocity v ∞ is obtained. In principle, one expects that v ∞ is independent from T . We have plotted (δv/v) ∞ versus T as a dashed-dotted line in Fig. 8 .
While this quantity is constant from 0 to ≃ 250 K, it shows a nearly linear increase above, up to T g . A similar behavior was already observed in v-SiO 2 13 .
To summarize, we have shown that a satisfactory description of velocity and attenuation measurements in a large T , Ω domain can be obtain by taking into account both TAR and anharmonicity mechanisms. We have shown that a rather low cut-off in the asymmetry distribution of TAR is needed for a good description of the velocity slope at low T . While the effect of anharmonicity on Q −1 is negligible at ultrasonic frequencies, the contributions 
V. CONCLUSIONS
We have shown that the description of acoustic velocity and attenuation already established in v-SiO 2 is also appropriate for v-GeO 2 . In both glasses, the effect of anharmonicity on the attenuation is negligible in the sonic and ultrasonic frequency range. The changes with frequency of the peak in Q −1 observed in this region gives a value V 0 ≃ 2460 K for the activation energy in v-GeO 2 , while V 0 ≃ 660 K was found in v-SiO 2 , in agreement with the fact that the free-volume is smaller in v-GeO 2 than in v-SiO 2 . The anharmonic contribution to Q −1 becomes similar to the effect of TAR in the hypersonic regime. The effect of anharmonicity is negligible on the variation with T of the sound velocity below 100 K. The latter can be described by assuming a cut-off in the asymmetry of TAR defects. This cut-off was found equal to ≃ 90 K in v-SiO 2 , while we find ∆ 0 ≃ 180 K in v-GeO 2 .
In v-SiO 2 , it was shown that, when the velocity changes induced by TAR and anharmonicity are taken into account, the bare velocity is constant at low T , then increases linearly above ≃ 150 K. When this model is applied to v-GeO 2 , we find the same behavior:
v ∞ is constant up to 200 K and increases linearly above 300 K. In v-SiO 2 , this anomalous temperature hardening was assigned to changes in the ring conformation induced by flips of Si−O−Si bonds 16 . Our results indicate that a similar mechanism might be present in v-GeO 2 . This could be an important matter to be studied by atomic simulations.
